Abstract-The present study examined the effects of tributyltin (TBT), polychlorinated biphenyls (PCBs), and mixtures of both chemicals on reproduction in Japanese medaka, Oryzias latipes. For 21 d we gave groups of medaka freeze-dried brine shrimp flakes contaminated with a mixture of either 0, 1, 5, or 25 g TBT g Ϫ1 plus 0 or 25 g PCBs g
INTRODUCTION
The number of anthropogenic chemicals has increased dramatically with industrial development. Those chemicals, especially organochlorine and organotin compounds, have contaminated the environment globally [1, 2] . Because we easily can assume that organisms inhabiting polluted areas are exposed to complex mixtures of chemicals, assessment of the toxicity of mixtures of environmental contaminants is becoming increasingly important. In vitro yeast estrogen screening assays have demonstrated that mixtures of weak estrogenic chemicals produce significant effects, even when the individual chemicals are combined below their no-observed-effect concentrations [3] . In vivo testing and whole effluent toxicity (WET) testing have been used to elucidate the toxicities of mixtures of environmental contaminants (U.S. Environmental Protection Agency [http://www.epa.gov/waterscience/WET/]) [4, 5] . Nevertheless, the reproductive toxicity of mixed chemicals has not been well studied.
Tributyltin (TBT) has been used as an antifoulant in marine environments. It is now known to be a typical endocrine disruptor that can induce imposex in mollusks [6, 7] . In our previous studies, we showed that TBT had the potential to induce masculinization, to the extent of complete sex reversal, of genetically female Japanese flounder, Paralichthys olivaceus [8] . Tributyltin also impairs the sexual behavior of male Japanese medaka, Oryzias latipes, and reduces fertilization success [9] . Polychlorinated biphenyls (PCBs) are distributed widely and highly in the environment [1, 2] , and they impair reproduction and hatchability in white perch (Morone americana) [10] . Ö rn et al. [11] also reported that PCBs reduced egg production in zebrafish (Danio rerio).
Both TBT and PCBs have been detected in water, sediments, fish, and mammals [1, 2, 12, 13] , despite regulation or prohibition of their usage. Presumably, organisms inhabiting polluted areas are exposed simultaneously to TBT and PCBs. Indeed, Squid Watch revealed that both TBT and PCBs were detectable in the livers of squid collected from the same sea area (TBT, up to 243 ng g Ϫ1 ; PCBs, up to 280 ng g Ϫ1 ) [14] . Moreover, both TBT and PCBs have been detected in skipjack tuna (Katsuwonus pelamis) collected from the offshore waters of various regions of the world [13, 15] . Therefore, we should be more concerned about the mixed toxicity of TBT and PCBs. In our previous study, mixed administration of TBT and PCBs depressed fecundity and fertility in spawning groups of medaka [16] .
Highly persistent organic pollutants, such as PCBs and dioxins, are transferred maternally from females to the next generation, and these chemicals affect development and hatching of progeny [17] [18] [19] . Our previous study revealed that hatching and swim-up success were depressed in medaka larvae spawned from TBT-exposed parental fish [16] . Thus, the embryonic developmental stage is very sensitive to maternally transferred chemicals, although few studies have focused on the effects of these chemicals on the embryo.
Previous study demonstrated mixture toxicity of TBT and
PCBs on reproduction of medaka [9, 16] . However, the chemical doses were not representative of those found in the environment. Therefore, our current objective was to examine the effects on reproductive success (fecundity and fertility) in medaka exposed to mixtures of TBT and PCBs at environmentally relevant concentrations and also to examine the transgenerational toxicity of these mixtures (deformities, hatchability, swim-up, and time-to-hatching). In addition, we determined both TBT and PCBs concentrations in eggs spawned from exposed parental fish.
MATERIALS AND METHODS

Special chemicals
Tri-n-butyltin oxide (Ͼ95% pure) and a PCB mixture (PCB-48, equivalent to Kanechlor-400) were purchased from Tokyo Kasei Kogyo (Tokyo, Japan).
Preparation of test diets
To prepare test diets containing TBT and/or PCBs, 5 g of freeze-dried brine shrimp flake (TetraDelica, Tetra Japan, Tokyo, Japan) was wetted with 2 ml of an ethanol solution containing TBT (0, 5, 25, or 125 g) and PCBs (0 or 125 g), then dried with a blow drier to yield test diets containing 0, 1, 5, or 25 g TBT g Ϫ1 and 0 or 25 g PCBs g Ϫ1 .
Exposure test
Sexually mature Japanese medaka (Female Leucophore Free-II strain; 5 months after hatching; body wt [BW] ϳ300 mg; total length ϳ30 mm) were selected from brood stock maintained for a few years at our laboratory. We acclimated 60 mating pairs for three weeks, and the fecundity of each pair was checked daily. Each pair was placed in a 2.5-L glass chamber equipped with an aerating system. We prepared culture water from artificial seawater (salinity was adjusted at 0.1%) to retain constant water quality. Water temperature was kept at 25 Ϯ 1ЊC for the whole experimental period by adjusting room temperature, and it was checked daily. The fish were kept under a constant 16:8-h light:dark photoperiod and fed with Artemia nauplii (Ͻ24 h after hatching) twice a day. During the last week of the acclimation, eggs from the females were collected daily a few hours after oviposition, counted, and assessed for fertility. We selected 48 pairs to use in the exposure test from the pairs that spawned every day, and their mean fertility was Ͼ90%. Fish pairs were divided into eight groups, each comprising six pairs. Half the water in each chamber was replaced with diluted artificial seawater daily.
Each of the test diets was fed (at 3% of BW to 7 groups of fish) so that the fish received TBT (0.03, 0.15, or 0.75 g g Ϫ1 BW), PCBs (0.75 g g Ϫ1 BW), or TBT ϩ PCBs (0.03, 0.15, or 0.75 g TBT ϩ 0.75 g PCBs g Ϫ1 BW) daily. Fish in the control group received 30 mg g Ϫ1 BW of the control diet daily. The test diets were fed in the morning and afternoon. Artemia nauplii also were fed to fish of each group in the evening. Parental medaka ate most of the nauplii within 5 to 10 min, which was confirmed by watching. Neither adverse morphological appearance nor mortality was observed in the fish during the three-week exposure period.
Evaluation of reproductive success
The parameters for reproductive success were fecundity and fertility. During week three of the exposure period, spawned eggs adhering to the cloaca of each female were collected carefully by hand every morning for a week. The eggs collected from each female fish were separated and placed in sixwell plates, and the spawned and fertilized eggs were counted.
Evaluation of early life-stage toxicity
Eggs spawned between days 16 and 18 of the administration period were collected from each pair and pooled per pair. In each treatment group, eggs from three pairs were analyzed for TBT concentration, and eggs from the other pairs were analyzed for PCB concentration. Embryos spawned in the last 3 d of the administration period were cultured in six-well plates filled with an embryo-rearing medium, both TBT-and PCBsfree, at 27ЊC. The plates were shaken slowly until the larvae hatched. Deformities, hatchability, swim-up failure, and timeto-hatching were assessed. The newly hatched larvae were placed in 2.5-L glass chambers, and we measured survival at 10 d posthatch (DPH).
TBT analysis
Analysis of TBT in the spawned eggs was performed following the method of Harino and Fukushima [20] and Iwamura et al. [21] , with slight modifications. Approximately 0.06 g of collected eggs was spiked with 1 g of deuterium TBT (TBTd27, Hayashi Pure Chemical Industries, Tokyo, Japan) as an internal standard, then homogenized in 10 ml of 0.1% hexaneethyl acetate, 10 ml of 1 M HCl in methanol, and 5 ml of H 2 O with a Polytron homogenizer (model PCU11, Kinematica, Littau-Lucerne, Switzerland). The mixture was shaken and the organic layer separated. The extract was concentrated to 1 ml by N 2 purging and ethylated with sodium tetraethylborate (Strem Chemicals, Newburyport, MA, USA). After addition of 10 ml of hexane and 1 N KOH, the mixture was shaken and the organic layer was cleaned by passage through a SepPak Florisil cartridge (Waters, Milford, MA, USA). The resulting sample was concentrated to 1 ml and analyzed with a gas chromatograph equipped with a mass spectrometer (6890 gas chromatograph, 5973 mass spectrometer, Hewlett-Packard, Palo Alto, CA, USA) with a 30-m ϫ 0.25-mm (i.d.) HP-5MS capillary column (Agilent Technologies, Palo Alto, CA, USA). The target ions (m/z) in TBT and TBT-d27 are 263 and 318, respectively. The concentration of TBT was calculated on the basis of the ratio of the peak areas of TBT and its surrogate. The detection limit was 20 ng g Ϫ1 tissue.
PCB analysis
The collected eggs were weighed and homogenized with Na 2 SO 4 and then placed on a column to extract PCBs with accelerated solvent extraction system (ASE 200; Dionex, Sunnyvale, CA, USA) in accordance with the procedure provided by the supplier (http://www1.dionex.com/en-us/). The extract was diluted with hexane to 50 ml and concentrated to 1 ml. The concentrated solution was evaporated under N 2 gas, and the concentration of PCBs was then analyzed with a PCB ELISA Kit (Abraxis, Warminster, PA, USA). Each sample was duplicated in the analysis by enzyme-linked immunosolvent assay. The detection limit was 10 ng g Ϫ1 tissue.
Statistical analyses
All data were analyzed by Levene's test to check homogeneity of variance across treatments. Differences in fecundity, fertility, hatchability, swim-up failure, and time-to-hatching were analyzed by two-way analysis of variance. The percentage data were normalized by arc-sin square root transformation before the analyses. All statistical analyses were per- formed with SPSS Advanced models 11.0J (SPSS Japan, Tokyo, Japan).
RESULTS
Reproductive success
During week three of the exposure period, fecundity was unaffected in all groups (Fig. 1A) . However, the percentage fertilization success during week three of the exposure period was decreased significantly (p Ͻ 0.05) by administration of 25 g TBT g Ϫ1 (Fig. 1B) . PCB administration did not affect fertility. Interaction of TBT and PCBs was not detected by two-way analysis of variance.
Early life-stage toxicity
Abnormal development of the eyes, as indicated by eyelessness or small eyes, was observed in groups given Ͼ5 g TBT g Ϫ1 individually or in mixtures of TBT and PCBs ( Fig.  2A-C) . Administration of 1 g TBT g Ϫ1 had no toxic effect on eye development; when TBT at the same dose rate was mixed with PCBs, however, abnormal eye development (6.4%) occurred. Administration of PCBs alone did not affect eye development of the embryo.
Hatchability (Fig. 3A) was decreased significantly by the administration of 5 g TBT g Ϫ1 or 25 g TBT g Ϫ1 (p ϭ 0.004 and 0.026, respectively). Interaction of TBT and PCBs at these dose rates was detected by two-way analysis of variance (p ϭ 0.031). Polychlorinated biphenyls given alone did not affect hatchability.
The percentage swim-up failure (Fig. 3B) was significantly increased by the administration of 1 g TBT g Ϫ1 (p ϭ 0.017), 5 g TBT g Ϫ1 (p Ͻ 0.001), or 25 g TBT g Ϫ1 (p ϭ 0.001). Interaction of TBT and PCBs in swim-up failure also was detected (p ϭ 0.005). Individual administration of PCBs did not affect swim-up rates.
Administration of PCBs significantly (p Ͻ 0.001) increased Table 1 . Time-to-hatching of embryos (n ϭ 6) and survival at 10 days post-hatch (dph) in control and tributyltin (TBT the time-to-hatching ( Table 1) . Mixtures of TBT and PCBs were more effective than separate administration, and the interaction of TBT and PCBs was statistically significant (p ϭ 0.041). Separate administration of TBT did not affect the timeto-hatching.
At 10 DPH, the survival rate of hatched larvae was Ͼ90% in all treatment groups (Table 1) . Neither TBT nor PCBs affected the survivability of the next generation after hatching.
Concentration of TBT and PCBs in eggs
The TBT concentration in the eggs was lower than the detection limit (Ͻ20 ng g Ϫ1 ) in the control, PCBs, 1 g TBT g Ϫ1 , and 1 g TBT g Ϫ1 ϩ PCBs groups ( Table 2 ). The TBT concentration in eggs of the 5 g TBT g Ϫ1 ϩ PCBs group was relatively low (76 Ϯ 18 ng g Ϫ1 ), compared with that in the group given the same dose of TBT only (123 Ϯ 55 ng g Ϫ1 ). The PCBs were not detectable in eggs of the control or TBT-only exposure groups. The concentration of PCBs ranged from 22 to 31 ng g Ϫ1 in groups given PCBs with or without TBT. A slightly higher concentration of PCBs was detected in mixed administration groups than in the group given PCBs only.
DISCUSSION
In the reproductive test, fertilization success was decreased by TBT administration, although fecundity was not affected. PCBs affected neither fecundity nor fertility, and no interactive effect of TBT and PCBs on either parameter was detected. These results agreed with those of our previous report [9] . Therefore TBT, not PCBs, has an adverse effect on reproductive success in mating pairs of Japanese medaka.
Tributyltin was transferred maternally into the eggs of medaka and affected the development of embryos, especially in terms of eye formation. Most individuals with abnormal eyes died without hatching. Even though some were able to hatch, they could not swim normally and died within a few days after hatching. Weis et al. [22] has reported that TBT induces optical abnormalities in mummichog (Fundulus heteroclitus) larvae, and Fent and Meier [23] also have observed histological abnormalities of the eye of minnow (Phoxinus phoxinus) larvae exposed to TBT. Other xenobiotics also affect the eye tissues of fish in the early life stages [24, 25] . Although the mechanisms of abnormal eye development are not clear, it has been hypothesized that TBT can change the levels of expression genes related to eye formation, e.g., pax-6 (an essential gene of eye formation) or other genes [26, 27] .
Hatchability and swim-up of larva were affected after parental exposure to TBT. These results also agreed with those of our previous report [16] . Fent and Meier [23] have reported that TBT induces high mortality in larval minnows within a few days after hatching and severely alters skeletal muscle fibers. Such abnormalities of skeletal muscle could explain the swim-up failure.
In contrast, PCBs given without TBTs had no effects on hatchability and swim-up, although they did increase time-tohatching. Our results agree with those of a previous report [28] . Some field studies have reported blue-sac disease [29] and swim-up syndrome [30] in lake trout fry, although a causeand-effect relationship between swim-up syndrome and body burden of PCBs still has not been established. However, deficiency of thiamine might be considered as a potential mechanism of early life mortality [31] . Previous studies showed a strong association between early life mortality and low thiamine levels in the eggs of lake trout from the Great Lakes (North America) and inland lakes [32] . Moreover, PCBs can reduce thiamine storage in rats [33] , and thiamine reduced early mortality syndrome in lake trout (Salvelinus namaycush) [34] . Therefore, it is hypothesized that low levels of thiamine might be caused by PCBs exposure and could enhance the incidence of swim-up failure induced by TBT.
Significant interactions of TBT and PCBs were observed in the effects on eye formation, hatchability, and swim-up of next-generation fish. These results indicate that mixtures of TBT and PCBs had more adverse effects on developmental stage of embryo than did each chemical given alone. Although the toxicological mechanism of mixtures of TBT and PCBs remains unclear, an aryl-hydrocarbon receptor (AhR)-mediated pathway can be assumed to be a potential mechanism. Lahvis et al. [35] have reported that AhR plays an important role in regulating the development of vascular structures in murine embryos. Mattingly et al. [36] also have demonstrated that AhR gene expression is correlated with sites of developmental toxicity in transgenic zebrafish exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin. In other studies, TBT has been found to potentiate 3,3Ј4,4Ј5-pentachlorobiphenyl-induced cytochrome P4501A in channel catfish (Ictalurus punctatus) in vivo [37] and in vitro [38] . These results suggest that mixtures of TBT and PCBs may modulate the pattern of expression of AhR, because expression of cytochrome P4501A is mediated by AhR. Therefore, TBT and PCBs transferred maternally into medaka embryos may alter the expression of AhR and, thus, cause developmental abnormalities.
Mixture toxicity needs to be considered, because we can assume that organisms inhabiting polluted areas are exposed [40, 41] . We found that administration of TBT alone at the lowest dose had no significant effect in causing developmental abnormality. However, the same concentration of TBT severely affected embryological development when mixed with PCBs. Even if individual chemicals are below their no-observed-effect concentration, mixtures of the same chemicals may have toxic effects. The concentration of TBT in eggs spawned by fish exposed to 1 g TBT g Ϫ1 was estimated at Ͻ20 ng g Ϫ1 (lower than the detection limit). On the other hand, the concentration of PCBs in eggs ranged from 22 to 31 ng g Ϫ1 in groups treated with PCB with or without TBT. Those results indicate that mixtures of TBT and PCBs affected the development of embryos and swim-up of hatched larvae at environmentally relevant levels. In coastal areas, PCBs have been detected in the range of 31 to 85 ng g Ϫ1 in eggs of the mudskipper, Boleophthalmus pectinirostris [42] , and TBT has been detected at up to 431 ng g Ϫ1 in the eggs of several species of marine fish [43] . These studies and our results indicate that the development and hatching of fish embryos might indeed be impaired in coastal areas contaminated with TBT and/or PCBs.
In summary, TBT affected fertilization success in mating pairs of medaka. In next-generation medaka, both TBT and PCBs were maternally transferred into the eggs and showed early-life-stage toxicity. Tributyltin induced abnormal development of the eye, reduced hatchability, and swim-up failure, and PCBs delayed time-to-hatching. Moreover, mixed administration of TBT and PCBs had more adverse effects on the developmental stages of medaka than did administration of either chemical alone.
